The ability of anaerobic prokaryotes to employ different terminal electron acceptors for respiration enables these organisms to flourish in subsurface ecosystems. Desulfurispirillum indicum strain S5 is an obligate anaerobic bacterium that is able to grow by respiring a range of different electron acceptors, including arsenate and nitrate. Here, we examined the growth, electron acceptor utilization, and gene expression of D. indicum growing under arsenate and nitratereducing conditions. Consistent with thermodynamic predictions, the experimental results showed that the reduction of nitrate to ammonium yielded higher cell densities than the reduction of arsenate to arsenite. However, D. indicum grew considerably faster by respiration on arsenate compared with nitrate, with doubling times of 4.3 ± 0.2 h and 19.2 ± 2.0 h, respectively. Desulfurispirillum indicum growing on both electron acceptors exhibited the preferential utilization of arsenate before nitrate. The expression of the arsenate reductase gene arrA was up-regulated approximately 100-fold during arsenate reduction, as determined by qRT-PCR. Conversely, the nitrate reductase genes narG and napA were not differentially regulated under the conditions tested. The results of this study suggest that physiology, rather than thermodynamics, controls the growth rates and hierarchy of electron acceptor utilization in D. indicum.
Introduction
Respiratory flexibility allows prokaryotes to thrive in dynamic redox environments. Subsurface microbial habitats frequently contain mixed electron acceptors, in which multiple alternative oxidants can be used as terminal electron acceptors for respiration (Ghiorse & Wilson, 1988; Lovley, 1993; Nealson, 1997) . Previous work has shown that the metal-reducing bacterium Shewanella putrefaciens preferentially diverts electron flow to O 2 instead of Fe (III) when both electron acceptors are available (Arnold et al., 1990) . In the facultative anaerobes Escherichia coli and Pseudomonas denitrificans, growth yields are highest on the most thermodynamically favorable electron acceptor (Koike & Hattori, 1975; Yamamoto & Ishimoto, 1977) . A redox hierarchy based on thermodynamics has been invoked to explain the sequential utilization of electron acceptors in which the substrate that provides the most energy for cell growth is preferentially reduced (Thauer et al., 1977; Spiro & Guest, 1991; Gunsalus, 1992; Unden & Bongaerts, 1997) .
Recently, experimental and modeling studies have suggested that a thermodynamic ladder of electron accepting processes does not always develop in anaerobic microbial systems (Bethke et al., 2011) . From a physiological perspective, microorganisms may have evolved growth and respiratory mechanisms that do not follow the electron tower paradigm. One example of such an adaptation is the growth of Geobacter sulfurreducens on fumarate and Fe(III). Although Fe(III) is a thermodynamically more favorable electron acceptor than fumarate, G. sulfurreducens grows more rapidly by respiring fumarate compared with Fe(III) (Esteve-Nú ñez et al., 2005) . Another example is Wolinella succinogenes, which represses nitrate and fumarate respiration in the presence of sulfur (Lorenzen et al., 1993) . Although sulfur has a lower redox potential than fumarate and nitrate, and growth yields are lower on sulfur than the other two electron acceptors, W. succinogenes grows faster by sulfur respiration. Currently, it is unclear if the respiratory activities of G. sulfurreducens and W. succinogenes are atypical of general bacterial behavior, or if the disparity between growth rates and electron acceptor energetics is more common than previously thought.
Desulfurispirillum indicum strain S5 is an obligate anaerobic bacterium belonging to the phylum Chrysiogenetes that was isolated from estuarine canal sediment (Narasingarao & Häggblom, 2007; Rauschenbach et al., 2011a) . This organism is able to grow by respiring arsenate to arsenite, nitrate to ammonium, as well as selenate and selenite to elemental selenium. From analysis of the genome of D. indicum, the genes encoding for respiratory arsenate reductase (Arr), periplasmic nitrate reductase (Nap), and the membrane-bound nitrate reductase (Nar) were recently identified (Bini et al., 2011; Rauschenbach et al., 2011b) .
Here, we quantified the growth and gene expression of D. indicum under arsenate and nitrate-reducing conditions. Experiments were conducted to determine the doubling time and sequence of electron-acceptor utilization. The transcript levels of the arrA, narG, and napA genes during exponential phase growth were also measured using quantitative Reverse Transcription PCR (qRT-PCR). The experimental data demonstrate that D. indicum grows faster by reducing arsenate than nitrate. The results suggest that physiology, rather than thermodynamics, controls the growth and sequence of electron acceptor utilization in D. indicum.
Materials and methods

Growth of D. indicum
Desulfurispirillum indicum was grown anaerobically in a mineral salts medium (Fennell et al., 2004) containing nitrate and/or arsenate as electron acceptor and 10 mM pyruvate as electron donor at 28°C. All cultures were set up in triplicate. Cells were pregrown with either arsenate or nitrate to log phase and then transferred to fresh medium by 1 : 10 dilution. Growth on arsenate and nitrate compared with a no electron acceptor control was monitored by measuring the optical density at a wavelength of 600 nm using a Unico model 1200 spectrophotometer. In addition, direct cell counts were obtained in triplicate by microscopy (Olympus BH-2), using a Petroff Hauser cell counter at 1009 total magnification. The loss of arsenate and nitrate from the culture medium was monitored using ion chromatography (Dionex model ICS 1000; Dionex, Sunnyvale, CA) with an AS9-HC column (Dionex) and an eluent of 11.4 mM NaHCO 3 , with a flow rate of 1.25 mL min
À1
.
qRT-PCR analysis of gene expression
Desulfurispirillum indicum was pregrown in mineral salts medium amended with 10 mM pyruvate as electron donor and carbon source and either 10 mM nitrate, 10 mM selenate or 10 mM arsenate as sole electron acceptors. Cultures were subcultured at least 10 times (1 : 10 dilution per transfer) on each electron acceptor to ensure that only one electron acceptor was present and utilized at the time of RNA extraction. For each experiment, total RNA was isolated during logarithmic growth from 7 mL of three independent cultures using TRIZOL as described by the manufacturer (Invitrogen, Carlsbad, CA) with the following amendments. Cells were pelleted, resuspended in 1 mL RNA Protect (Qiagen, Valencia, CA), and incubated for 15 min at room temperature. Cells were then again pelleted by centrifugation and the supernatant was discarded. After centrifugation, cells were washed with Tris-NaCl buffer. Lysozyme was added to a final concentration of 20 lg mL
À1
, and RNA was extracted as described in the protocol provided by Invitrogen.
After RNA extraction, DNAse treatment (Invitrogen) was followed by PCR using primers targeting the 16S rRNA gene to rule out DNA contamination using the pair of universal bacterial primers 27F (5′-AGA-GTTTGATCMTGGCTCAG -3′) and 1492R (5′-GGYTA CCTTGTTACGACTT -3′). qRT-PCRs were set up in triplicate using 30 ng of RNA in 15 lL reactions and the iScript One-Step qRT-PCR with SYBR Green Kit (BioRad, Hercules, CA), as previously described (Villafane et al., 2009) . The primer pairs RTArrA-4F/R, RTNarG-4F/R, and RTNapA-5F/R were used for the specific detection of arrA, narG, and napA (Rauschenbach et al., 2011b) , and qPCR-F/R (5′-GATTAGCTTGTTGGTGG GGTAA-3′ and 5′-CTGCGTCAGACTTACGTCCAT-3′) for the detection of the 16S rRNA reference transcript. Two negative controls were included, one omitting the reverse transcriptase and one without template. Primers were validated using the DC t (C t target À C t reference ) vs. log of input RNA curve, to ensure that the efficiency of amplification was equivalent for the genes compared. The 2 ÀDDCt method was applied to calculate relative changes in gene expression (Livak & Schmittgen, 2001 ). The mean of three qRT-PCR replicates was used to calculate the 2 ÀDC t for three independent experiments (nine data points in total). Statistical analysis was performed after transformation of the C t values to 2
ÀDCt or 2 ÀDDCt , as recommended by Schmittgen & Livak (2008) . Statistical significance was assessed by Student's t-test, and a P-value lower than 0.05 was considered significant.
Results and discussion
Respiration of nitrate and arsenate
Desulfurispirillum indicum grew with pyruvate as the carbon source, and either nitrate or arsenate as the sole electron acceptor. When grown on nitrate, D. indicum reduced approximately 6 mM nitrate in 140 h, with cell densities reaching an OD 600 nm of approximately 0.6 (Fig. 1a) . In comparison, when grown on arsenate, D. indicum reduced approximately 8 mM of arsenate in < 24 h. Lower cell densities were measured when D. indicum was grown on arsenate, with OD 600 nm of approximately 0.2 at the end of log phase (Fig. 1b) . Generation times of D. indicum during growth on these two different electron acceptors were also determined by cell counts (Fig. 2) . Desulfurispirillum indicum grew considerably faster by reducing arsenate compared with nitrate, with doubling times of 4.3 ± 0.2 h and 19.2 ± 2.0 h, respectively. No growth on pyruvate was observed without either nitrate or arsenate as electron acceptors (Figs 1 and 2) .
We then determined the sequence of electron acceptor utilization when D. indicum was provided both nitrate and arsenate. Whether pregrown on nitrate or arsenate, D. indicum preferentially reduced As(V) before nitrate (Fig. 3) . When pregrown on As(V) and then inoculated into medium with both arsenate and nitrate, D. indicum reduced 10 mM of arsenate within 24 h compared with only 1.5 mM of nitrate in 150 h (Fig. 3a) . The rate and extent of growth in these cultures were very similar to growth on arsenate alone (Fig. 1b) . We then repeated the experiment with D. indicum cells pregrown with nitrate instead of arsenate. In this experiment, the rate of arsenate reduction was initially slower, but As(V) was again preferentially utilized over nitrate (Fig. 3b) . After 70 h of incubation, approximately 7 mM of arsenate was reduced, while < 4 mM nitrate was reduced in more than twice the amount of time (up to 180 h). Whether pregrown on nitrate or arsenate, the rate of nitrate reduction in the presence of arsenate was significantly lower compared with that of the nitrate alone (Fig. 1a) , suggesting inhibition of nitrate respiration by As(V) in D. indicum.
Expression of respiratory reductase genes
The transcription of genes that encode for the molybdenum-containing catalytic subunits of the arsenate reductase (ArrA), periplasmic nitrate reductase Nap(A), and membrane-bound nitrate reductase (NarG) were examined (Fig. 4) . The expression of these genes was monitored in the presence of different terminal electron acceptors, and transcript levels were normalized to the expression of the16S rRNA gene. The 2
ÀDC t values for arrA in D. indicum grown on arsenate was very high, approximately 30 000-fold higher than the transcript levels of narG, and even more for napA in cells grown on nitrate (Table 1) . During exponential growth of D. indicum on arsenate, the arrA gene was expressed over 100-fold higher compared with levels of arrA expressed under nitrate-reducing conditions (Table 1) . In a second comparison, expression of the arrA gene was also determined for cells grown under selenate-reducing conditions. D. indicum exhibited similar arrA transcript levels while respiring selenate as cells were grown under nitrate-reducing conditions. Thus, the qRT-PCR results indicate that up-regulation of arrA occurs specifically in the presence of arsenate. In contrast, the transcript levels of the nitrate reductase genes in D. indicum did not show any significant change when grown on nitrate compared with other electron acceptors (Table 1) . Down-regulation of the napA and narA genes was not observed in cells grown under arsenate-reducing conditions. Significant changes in nitrate reductase gene expression were also not observed in cells grown on selenate as the electron acceptor. This suggests that the narG and napA genes are not differentially regulated in D. indicum, and that arsenate does not affect nitrate reduction at the level of transcription.
Energetics and gene regulation
According to bioenergetic calculations, nitrate reduction provides considerably more energy to D. indicum than arsenate reduction (Table 2 ). The reduction of nitrate to Error bars represent the standard deviation (SD) of three independent 2 ÀDCt values, each obtained from the mean C t of triplicate reactions. Interestingly, the growth rate of D. indicum was faster on arsenate than nitrate. Furthermore, when provided with both electron acceptors, D. indicum preferentially reduced arsenate over nitrate. The experimental data indicate that D. indicum selectively switches from nitrate reduction to arsenate reduction when As(V) becomes available in its environment. The preferential utilization of arsenate over nitrate contradicts the redox hierarchy paradigm developed for E. coli (Spiro & Guest, 1991; Gunsalus, 1992; Unden & Bongaerts, 1997) . In the presence of multiple electron acceptors, E. coli preferentially reduces the one that yields the most energy to support cell growth. Our experimental data indicate that the respiratory activity in D. indicum cannot be rationalized with this thermodynamics framework.
The gene expression experiments revealed that arsenate respiration in D. indicum is regulated at the level of transcription. The regulation mechanisms of the arrA gene in D. indicum are currently poorly understood. However, similar to the As(V)-respirer Shewanella sp. ANA-3 (Saltikov et al., 2005) , the arrA gene in D. indicum is inducible and highly expressed during anaerobic respiration on arsenate. Whereas the arsenate respiratory reductase operon in Shewanella sp. ANA-3 harbors a transcriptional FNR-like regulator (Saltikov & Newman, 2003) , we did not find a FNR binding site proximal to the arrA gene in D. indicum. This was not surprising as FNR is an oxygensensing protein that functions primarily in facultative bacteria, and D. indicum is a strict anaerobe that does not grow in the presence of O 2 .
Another major difference between D. indicum and Shewanella sp. ANA-3 is the constitutive expression of the nitrate reductase genes. In addition to lacking a FNR regulator upstream to the narG gene, D. indicum also does not carry homologs of the nitrate/nitrite sensor NarQ and response regulator NarP. Importantly, the NarQ/NarP signal transduction pathway is thought to play a crucial role in the repression of arrA transcription in the presence of nitrate (Saltikov et al., 2005) . The absence of the NarQ/ NarP control system may explain why D. indicum does not repress As(V) reduction activity when provided with both arsenate and nitrate in the culture medium.
The fact that the presence of arsenate does not inhibit the transcription of narG and napA, but inhibits nitrate respiration, suggests two possible scenarios. First, the inhibition of nitrate reduction may be explained by the higher relative content of arsenate reductase in the membrane caused by the up-regulation of this protein, as compared to the nitrate reductase. This hypothesis is supported by the observation that the level of arrA transcript in cells grown on arsenate is tens of thousands fold higher than the level of narG, or napA, transcripts when grown on nitrate. Alternatively, arsenate may also have a direct negative effect on the nitrate reductase protein. For example, binding of As(V) oxyanions to the nitrate reductase may occupy its active site and hinder the kinetics of electron transfer to nitrate. This blocking effect may promote the preferential use of arsenate over nitrate during growth in the presence of both electron acceptors. Furthermore, the faster growth on arsenate than on nitrate may be affected by the biochemical characteristics of the arsenate and nitrate reductases. The V max values of arsenate reductases display wide variability among different microorganisms, spanning from 2.5 U mg À1 of protein in Bacillus selenitireducens (Afkar et al., 2003) to 11 000 U mg À1 of protein for Shewanella sp. ANA-3 (Saltikov & Newman, 2003) . Although we do not know the V max and K m of the arsenate and nitrate reductases of D. indicum, we speculate that a highly efficient arsenate reductase could result in faster rates of arsenate reduction than nitrate reduction. The two nitrate reductases NapA and NarG in D. indicum may have different physiological roles. In well-studied facultative anaerobes, NarG is known to be synthesized during anaerobic growth. This membranebound nitrate reductase catalyzes electron transfer in the (Bursakov et al., 1995; Bedzyk et al., 1999) . However, in other microorganisms, the periplasmic nitrate reductase is expressed in the presence of oxygen, and its role is attributed to the dissipation of excess reductant for redox balancing (Robertson & Kuenen, 1990; Richardson & Ferguson, 1992; Castillo et al., 1996) . The function of the periplasmic nitrate reductase in D. indicum is not fully understood, but if it is disconnected from the respiratory electron transport chain, then reduction of the nitrate ion by NapA may decrease the energy yield during nitrate respiration.
Ecological implications
An intriguing question is how this strong response to arsenate evolved in D. indicum. While nitrate is a common electron acceptor for many different microorganisms, the ability to respire arsenate is comparatively rare (Stolz & Oremland, 1999; Stolz et al., 2006) . Therefore, if arsenate is a resource not utilized by other nitrate-reducing bacteria, the ability to respire As(V) would give D. indicum a growth advantage in arsenic-rich environments. In arseniferous groundwater, the presence of this resource may favor physiological adaptations that utilize arsenate as an electron acceptor even though nitrate is still available. Furthermore, the rapid arsenate reduction kinetics of D. indicum may enable this organism to effectively compete with other terminal electron accepting processes for labile organic carbon. The ability of arsenate-respiring bacteria to effectively compete for electron donors is also supported by the extremely low hydrogen thresholds for microbial arsenate respiration measured for Sulfurospirillum arsenophilum and natural sediments (Heimann et al., 2007) .
If the activity we observe in D. indicum also occurs in nature, then dissimilatory arsenate reduction may be prevalent in contaminated groundwaters at relatively high redox potentials. Contrary to electron tower theory, our results suggest microbial arsenate reduction can proceed rapidly even in nitrate-abundant redox zones. Because the reduction of As(V) [H 2 AsO À 4 ] forms neutral As(III) complexes [H 3 AsO 3 ], microbial arsenate respiration is likely an important process that contributes to arsenic mobilization in groundwater. Therefore, understanding the As(V)-respiring activity of D. indicum and other subsurface anaerobes in their native habitats will have important implications for predicting the mobility of arsenic, particularly in more oxidizing nitrate-bearing groundwaters. The occurrence, physiology, and ecology of these organisms in contaminated aquifers merit further investigation. 
